The present study summarizes the experimental data on the activity concentrations of -3 and at a mean F =0.24±0.014. In this case the mean value of the recoil factor was found to be 0.54±0.18.
In general, the concentration of 222 Rn and its short-lived *Corresponding author. E-mail: mmohery@gmail.com. Tel: +966 5 09721714, +966 2 6914620. Fax: +966 2 6914286. progeny in indoor air is on average 2 to 10 times higher than in free atmosphere (McCregor et al., 1980; Swedjemark and Mjones, 1984; Langroo et al., 1991; Stelios and George, 1993; Malanca et al., 1995; Yu et al., 1996; Papaefthymiou et al., 2003) . This is due to low rates of air exchange and the dynamic collection into closed space, with additional contributions from 222 Rn sources such as building materials. The high concentrations of these radionuclides in indoor air coupled with the prolonged exposure periods related to indoor habitation make indoor 222 Rn short-lived progeny a potential health hazard. In all dosimetric models for the estimation of the radiation exposure, the fraction of unattached activities is an important parameter for the internal dosimetry. A considerable number of unattached atoms are deposited in the trachea and bronchial region due to their high mobilities in the air (Shimo et al., 1981; James, 1988) . However, representative data on these concentrations in indoor air are still scarce or partly nonexistent for some subject areas which are essential for a valid radiological assessment of human exposure.
The so-called "unattached fraction" of 222 Rn progeny constitutes initially free atoms or ions. After their formation from the gas phases by radioactive decay a large fraction of the freshly generated 218 Po (80 to 82%) is positively charged (Porstendörfer and Mercer, 1979; Dua et al., 1983) . These positively charged atoms become neutral by recombination with negative air ions and charge transfer processes in connection with NO, NO 2 , H 2 O vapors and other air impurities (Pagelkopf and Porstendörfer, 2003) . Due to these neutralization processes, large fractions of these ions are neutral when they attach to aerosol particles in the air. These atoms or ions react very fast (< 1 s) with air vapors and other trace gases in the air and then grow by cluster formation with size range 0.5 to 5 nm (Ramamurthi and Hopke, 1989; Reineking and Porstendörfer, 1990) . After these processes, the clusters attach to the sub-micron sized aerosol particles in the air forming the radioactive aerosol. Investigations have indicated that these clusters have diffusion coefficients within 0.005-0.1 cm 2 s -1 (Porstendörfer and Mercer, 1979; Ramamurthi and Hopke, 1989) . In the indoor environment, the 222 Rn progeny, particularly the unattached portion, are not in radioactive equilibrium with the 222 Rn gas concentration ( 0 C ), even under steady-state conditions. The reason for this is the removal processes from the air by deposition on surfaces due to their high diffusivity. The equilibrium equivalent concentration ( eq C ) of a non-equilibrium mixture of the progeny in air is the activity concentration of 222 Rn gas in radioactive equilibrium with its progeny; it has the same potential alpha energy concentration as the actual non-equilibrium mixture. The potential alpha energy of an atom of the decay product is the sum of alpha energies emitted during the decay of this atom up to 210 Pb. The potential alpha energy concentration of any mixture of activity concentrations of 222 Rn progeny is the sum of the potential alpha energy of these atoms present per unit volume of air. According to (UNSCEAR, 1977 and ICRP, 1987) (El-Hussein, 1996; Yu et al., 1996; Piotr and Anthony, 2000; Heut et al., 2001; Vaupotic and Kobal, 2004; Vaupotic and Kobal, 2006; Vaupotic, 2007 , Kranrod et al., 2009 show different f p values in the range from 0.01 up to 0.21. These discrepancies between the f p values can be traced back to some factors. At the place of interest, the unattached factions in room air are influenced by the basic processes of attachment rate to aerosol particles, recoil factor, deposition rate on walls and other surfaces of the room, the room specificparameter of 222 Rn exhalation from walls and the interdependence of indoor on outdoor
222
Rn concentration by air exchange (Reineking et al., 1985) .
Attachment to aerosol
The 222 Rn progeny attach to all surfaces including the surface of aerosol particles in the room air. Therefore, their behaviour in the atmospheric room air, especially deposition on surfaces and in the human lung during inhalation, is determined to a large extend by the physical behaviour of the aerosol particles. The attachment rate (X = BZ) is the definitive parameter for the unattached fraction of 222 Rn progeny in the air (B is the attachment coefficient and Z is the aerosol concentration). As indicated, it expresses the attachment velocity of 222 Rn progeny to aerosol particles.
Desorption process by recoil
The recoil factor (r) defines the probability of whether or not an attached radioactive atom desorbs from its host in consequence of an alpha decay. The recoil factor for the beta decay is negligible. However, with the emission of alpha particle by an atom of Po atom is on the surface of an aerosol particle at the time of disintegration, the recoiling atoms desorbs, unless it is projected into the particle at such an angle that it dissipates all its energy before it can emerge from the particle.
Model calculations in room air
The room model calculations (Porstendörfer et al., 1978; Porstendörfer, 1984) Rn concentration just after thoroughly ventilating the room and closing doors and windows was described by (Porstendörfer et al., 1978) as follows: indoor and outdoor, respectively. In the case of (t < 1/ υ) the 222 Rn emanation can be described as:
In a certain period of time there is a steady-state condition in a room, and a constant 
Assuming a room with a constant 222 Rn gas emanation rate (e), a homogeneous activity distribution and prefiltering of the unattached activities of the incoming air, the room concentration of the can be calculated under steady-state conditions by the following equations (Vanmarcke et al., 1988) : 
where (λ 1 + υ) >> q a . The deposition rate q f of the unattached 222 Rn progeny can be determined from the activity concentrations of the 222 Rn gas and the unattached 218 Po.
In addition, the deposition rate q a of the attached 222 Rn progeny is given as: , r) can be evaluated by means of Equations 2, 3, and 7 to 10 using the measured data.
This work summarizes the experimental data on the equilibrium factor (F), the unattached fraction (f P ), the attachment rate (X) to aerosol particles in room air, the attachment coefficient (B), the recoil factor (r) and the deposition rates of unattached (q f ) and attached (q a ) 222 Rn progeny obtained in three different rooms with the same sizes at low and moderate ventilation rates. The aim of these investigations is to evaluate the size of equilibrium factor, the unattached fraction and to show if there is a correlation between the equilibrium factor as well as the unattached fraction with the room aerosol concentration and how the deposition processes can influence the concentration of the unattached and attached
222
Rn progeny.
EXPERIMENTAL APPROACH Instruments

Radon gas monitor
For the determination of radon gas ( 222 Rn) concentration in the room air, we reconstructed a radon gas monitor identical to the one employed and calibrated by (Porstendörfer et al., 1980) . The monitor consists of aluminum sphere (volume = 1.8 L with a flow rate = 100 L h -1 ) which incorporates a surface barrier detector (active area = 300 mm 2 and 19.5 mm diameter) isolated in a PVCmounting. Due to the relatively long half-life of 222 Rn (3.82 d), the dimension of the decay volume (1.8 L) was chosen to be suited to the flow rate. These choices result in a short residence time of 0.02 hour during which only a small fraction of the 222 Rn decays to 218 Po. The monitor could detect 1 Bq m -3 within three hours counting time with 30% statistical uncertainty. The 222 Rn gas was measured continuously by electro precipitation of positively charged 218 Po ions in an electric field (+10 kV) on a surface barrier detector (-70 operating voltage). For this purpose, the air was dried and sucked into the aluminum sphere while the 222 Rn progeny in the air were trapped by an entrance filter. The decayed 222 Rn gas to 218 Po in the aluminum sphere could easily be identified by alpha spectroscopy. Under the conditions of operation, the decay rate of 218 Po is proportional to 222 Rn gas activity concentration in the air. The monitor calibration has been carried out (Porstendörfer et al., 1980) by introducing a known amount of 222 Rn gas into the sphere. A standard source of 226 Ra solution with calibrated concentration and with a known emanation rate of about 55% was used. The average value of the monitor detection efficiency was found to be 720 Bq which was fairly independent on the flow rate.
Screen diffusion battery
In the present study, a wire screen diffusion battery similar to that employed and calibrated by (Cheng et al., 1992) was used. The diffusion battery was constructed identically with the same screen characteristics. It consists of five stainless steel screen with 24, 35, 50, 200 and 635 mesh numbers. The screens were calibrated with monodisperse aerosol particles. The measured 50% penetration diameters of the screens were 0.9, 1.3, 1.9, 4.0 and 7.9 nm. The diffusion battery is operated at flow rate of 6 L min ) with a penetration diameter of 4 nm was used. This size of screen had been shown to collect the highest percentage of unattached activities (Cheng et al., 1992) . Therefore, it provided the reason for the choice of that screen. To determine the unattached activities of 222 Rn progeny the aerosol attached and total 222 Rn progeny concentrations (unattached and attached) in the room air were measured. Each measurement consisted of two parallel samples: one with the single screen to remove the unattached activities and the other as a reference sample without screen. The activities penetrating the screen (mostly attached to aerosol particles) and those of the reference sample were collected on membrane filters (Sartorius membrane filter type SM, 1.2 μm pore size, 25 mm diameter and an efficiency of 100%), and the α-activities were detected during and after air sampling by a surface barrier detector. The effect of α-particle "self-absorption" was neglected due to the use of this type of filter. According to the Ruffle method (Ruffle, 1967) and by using 241 Am (5.48 MeV) as a radioactive source of α-particles and the pulsar technique, the counting efficiency of the detector was found to be 17.0 ± 0.5%. The detector has an active area of 300 mm 2 (19.5 mm diameter) and the separation between the filter and detector being 6 mm. With an energy resolution of about 300 keV, it was possible to distinguish between the α-particle energies emitted during the decay of 218 Po (6.0 MeV) and 214 Po (7.8 MeV). In order to determine the activity concentrations of 222 Rn progeny ( 218 Po, 214 Pb and 214 Po), the measurements were performed in two steps. Firstly the α-particle spectrum was collected during a sampling period of 30 min. Secondly, after waiting for 30 min without sampling, the α-particle spectrum was measured again (during decay) for another 30 min. From the measured α-counts of 218 Po and 214 Po during the sampling period and the 214 Po during the decay period, the activity concentrations of 218 Po, 214 Pb and 214 Po were calculated by using a method described by Martz et al. (1969) . The "attached activities" were derived from the samples obtained with the screen. The screen-collected activity is the difference between the measurements of the reference sample (without screen) and the screen sample. During the measurements the aerosol particle concentration was monitored by a condensation nuclei counter (General Electric TSI, Model 3020) that allows one to determine an aerosol particle concentration, Z, in the range of below 10 3 up to 10 7 cm -3 .
RESULTS AND DISCUSSION
Eighteen measurements were performed on different days in three rooms (at different places) of the same size at low and moderate ventilation rates. A typical room consists of a reinforced concrete frame with cement plaster-covered walls, mainly wooden-doors and glass windows. The room was slightly ventilated (υ ≤ 0.4 h -1 ) if the door and window was closed. The room ventilation rate was changed by opening the window. During the measurements, the sampling pump was located in the room with its outlet in the open air.
In 2 ) and the aerosol particle concentration (Z) are summarized. With regard to the determination of the unattached activity fraction (ratio of the unattached to the total activity concentration; Table 2 . With regard to this determination of unattached fractions (ratio of unattached to total activity concentration), it has the advantage that any losses of unattached activities (bypass through the screen with other sizes) are taken into account through the measurement of the total activity concentration. The unattached activity of 214 Po is not observed even at low aerosol concentrations. Its activity was found always to be attached to aerosol particles. This observation can be explained as follows: the radionuclide 214 Po is a decay product of 214 Bi which is β emitter. The recoil factor for the β-particle is negligible. Therefore, the probability for finding the radionuclide 214 Po as an unattached fraction is relatively low. However, model calculations of the behavior of short-lived 222 Rn progeny showed that even in the closed rooms with low aerosol particle concentrations (about 10 3 particles/cm -3 ), the unattached fractions of 214 Po were less than 1% (Porstendörfer, 1984) . The absolute errors of f 1 and f 2 were on the order of 0.1 and 0.07, respectively. These errors could be calculated from the error due to the α-counting (≈ 1%) and from the error propagation through the entire analysis procedure of the filter activity evaluation. ). This is due to the small influence of the higher aerosol concentrations outdoors (aerosol by traffic and combustions). In this case the aerosol in the room air was aged by coagulation and deposition. The mean absolute error of the measured aerosol particle concentrations was on the order of 0.09. In Table 2 the unattached fraction f P , equilibrium factor F, attachment rate X, attachment coefficient B and deposition rates of unattached and attached aerosol particles (q f , q a ) are listed. The unattached fraction (f P ) felt within 0.013 and 0.24 with a mean value of 0.096 ± 0.010. However, no correlation was found between the unattached fractions (f P ) as well as the values of equilibrium factor (F) with the aerosol particle concentrations (Z). Meanwhile, the inverse variation between f P and F was shown well. The present mean value of f P (0.096) is three times higher than the one proposed in the literature (f P = 0.03) (ICRP, 1987 (ICRP, , 1994 . The values of the attachment rates (X) were varied between 23 and 103 h -1 with an average value of 67±8. The equilibrium factor (F) varied between 0.22 and 0.52 with an average value of 0.34±0.02. In German buildings, a similar value (F = 0.33) had been measured by Keller and Folkerts (1984) . Also, the present value showed a quite good agreement with the observed value in Indian dwellings where a mean value of F = 0.35 was determined (Khan 2000) . The deposition rates of the unattached (q Rn progeny were varied between 22 and 172 h -1 for q f and between 0.05 and 0.43 h -1 for q a with an average value of 94 ± 13 and 0.12 ± 0.05, respectively. Generally, the values of q f and q a depend strongly on the aerosol particle concentration and on the furniture in the room. In the present study, the average value of the attachment coefficient (B) was found to be 27 ± 2.9 ( Table 2 ) the values of the recoil factor were found to be negligible when the rooms were slightly ventilated.
The rooms with a moderate ventilation rate (υ = 0.5 h ]. The mean absolute error of the measured aerosol particle concentrations was on the order of 1.7. It can be seen in Table 4 that the average value of the attachment coefficient (B = 3.1 × 10 -3 cm -3 h -1
) is lower than the mean value when the rooms were slightly ventilated (B = 27 × 10 -3 cm -3 h -1
). Also, the mean value of the unattached fraction (f P =0.059±0.006) is slightly smaller than the mean value when the rooms were slightly ventilated (f P = 0.096±0.01). As expected the measured f P values depend more on the attachment coefficient than on the attachment rate as well as on the aerosol concentration. The equilibrium factor F was varied between 0.11 and 0.33 with an average value of 0.24±0.014. There was no correlation found between the equilibrium factor and the aerosol concentration. However, at higher values of aerosol particle concentrations no equilibrium (F = 1) is reached because a certain fraction of attached aerosol particles is always lost by the deposition on wall and furniture. The calculated mean value of the recoil factor was found to be 0.54±0.18. , respectively. In Table 4 , the unattached fraction (f P ), the equilibrium factor (F), the attachment rate (X), the attachment coefficient (B), the deposition rates of unattached and ) and the recoil factor (r) calculated from the measured data of Table 3 .
Conclusions
From what has been discussed throughout this study, one arrives at the following conclusions:
1) The results of the measurements of unattached fraction (f P ) of 222 Rn progeny in the rooms with low ventilation rate (υ < 0.4 h -1 ) show that most of the published calculations of the natural radiation exposure of the human public (ICRP, 1987 and 1994) are based on questionable values of unattached fraction (f P = 0.03). With consideration of the dosimetric models the dose conversion factor for the bronchial equivalent increases nearly linearly with f P (James, 1988) . 2) Raising aerosol concentration by moderate ventilation (υ = 0.5) decreases the unattached fraction (f P ) because the attachment coefficient becomes much higher than the loss of atoms by deposition.
3) The values of the deposition rates of the unattached fractions (q f ) are higher than those of the aerosol attached 222 Rn progeny and therefore have a great influence on the activity concentration of 222 Rn progeny indoors. 4) The desorption probability of the 214 Pb atoms by recoiling from the aerosol surface has an influence on the increase of the unattached fraction of 222 Rn progeny. 5) Radioactive equilibrium does not exist between 222 Rn and its progeny, as there is always a considerable deposition of the unattached progeny on room surfaces. 6) Owing to the dependence of the concentration of each 222 Rn progeny on the concentration of the parent concentration one might expect that the deposition rates of unattached as well as attached progeny would vary for the subsequent decay product in the decay chain.
